Gastrointestinal tract (GIT) microorganisms play important roles in the health of ruminant 22 livestock and impact production of agriculturally relevant products, including milk and meat. 23
INTRODUCTION 51
The mammalian gastrointestinal tract (GIT) houses a diverse microbial community that can 52 significantly impact both the lifetime and evolutionary success of its host (McFall-Ngai et al., 53 2013 ). These microbial communities contribute to host survival by extracting nutritionally 54 (Bergman, 1990 ) and developmentally relevant (Gensollen et al., 2016) (Weimer et al., 2010; Yanez-Ruiz et al., 2015) . Therefore, efforts to alter 58 the GIT microbiota to improve any number of host outcomes may be most effective during early-59 life before microbial communities have reached an adult-like steady-state. However, factors 60 impacting microbial acquisition and long-term maintenance in the GIT are not well understood. 61
In mammals, there is a dramatic shift towards an adult-like microbiota during weaning, 62 likely as a result of changes in diet (for a review, see (Lallès, 2012) ). This indicates that diet is a 63 strong contributing factor in gut microbiota establishment and could serve as a tool to 64 directionally alter the microbiota in early-life. Microbiota manipulation through diet is of interest 65 in a number of areas, particularly in agriculture where the use of other therapeutics like 66 antibiotics and probiotics are tightly regulated (Bajagai et al., 2016) . In the beef and dairy 67 industries, differences in the microbiota have been linked to bovine milk production (Elie Jami et 68 al., 2014; Jewell et al., 2015) , weight gain (Carberry et al., 2012) , and methane emissions 69 (Wallace et al., 2015) . Strong associations occur between these traits and the rumen microbiota 70 because this enlarged foregut compartment houses the microbial community responsible for the 71 majority of dietary digestion and fermentation (Flint et al., 2008) . Therefore, it may be possible 72 to utilize diet to manipulate bovine GIT microbial communities to increase animal performance 73 (Malmuthuge et al., 2015) . 74
Although diet has been investigated as a means of altering the adult cow microbiota in dairy calves focused on weight gain, as this is positively associated with increased 78 downstream milk production (Soberon et al., 2012) ; however, studies investigating the calf GIT 79 microbiota failed to follow calves through to maturity (Vlková et al., 2008; Cannon et al., 2010; 80 Jatkauskas and Vrotniakiene, 2010; Signorini et al., 2012; Malmuthuge et al., 2013) . Given that 81 early-life feed has demonstrated long-term effects on the adult microbiota of other ruminants 82 (Yáñez-Ruiz et al., 2010; Abecia et al., 2013 Abecia et al., , 2014 , and that microbial communities in the pre-83 weaned dairy calf are highly variable (Jami et al., 2013; Dill-McFarland et al., 2017) and 84 amenable to change (Yanez-Ruiz et al., 2015) , we posit that early-life dietary interventions in 85 dairy calves can impact microbial colonization with long-term consequences for the adult cow 86 microbiota and production. 87
To investigate this, we utilized Illumina amplicon sequencing of bacterial (V4 16S), 88 archaeal (V6-8 16S), and fungal (ITS1) communities of dairy cows from 2 weeks after birth to 89 the middle of their first lactation cycle. We compared animals raised on low-fiber, high-protein 90 calf starter grains (previously investigated here (Dill-McFarland et al., 2017) ) to those raised on 91 high-fiber corn silage or a mixture of starter grains and corn silage. We then correlated the fecal 92 and rumen microbiota to outcomes including weight gain and milk production to determine the 93 short-and long-term impacts of calf diet. 94
95

RESULTS
96
Sample collection and sequencing. In this study, 9 bulls were retained through weaning (8 97 weeks) and 33 cows through their first lactation cycle (> 2 years). Three cows were removed 98 from the study prior to 2-year sampling due to poor health (cow 5013), reproductive issues (cow 99 5055), or a broken leg (cow 5025). Feces were sampled from animals from 2 weeks to their first 100 lactation (> 2 years), while rumen contents were sampled from bulls sacrificed at weaning and a 101 subset of cannulated cows (N = 12) at 1 and 2 years. Feces were not sampled from 5 cows at 2 102 weeks or 8 cows at 8 weeks. Replacement samples were obtained at 3 weeks but were not taken 103 at 9 weeks, because animals were on a different diet by this time (Table S1 ). All other fecal (N = 104 183) and all rumen (N = 162) samples were obtained at their target age (Table S2) . 105 Archaeal, bacterial, and fungal amplicons were sequenced for all rumen samples, and 106 archaeal and bacterial amplicons were sequenced for all fecal samples. Fungal PCR of calf feces 107 failed to yield sufficient DNA and therefore, only 1-and 2-year feces were sequenced for this 108 amplicon. After filtering in mothur, 540 000 (mean 1 500 ± 85 SE per sample) high-quality 109 archaeal, 13.9 million (39 000 ± 1 000) high-quality bacterial, and 5.3 million (23 000 ± 985) 110 high-quality fungal sequences were obtained. Sequence coverage was deemed sufficient by a 111
Good's coverage greater than 96.5% for all bacterial and fungal communities and most archaeal 112 communities. A total of 16 fecal archaeal communities (2-week: 12, 4-week: 3, 8-week: 1) had 113 low Good's coverage (0 -94%), even after repeated sequencing yielded a minimum of 30,000 114 contigs per sample (Table S2) . 115 116 Calf diet correlates with microbiota at weaning. Calves increased consumption of 117 supplemental feeds from birth to weaning (8 weeks) following an exponential trend ( Figure S1 ), 118 and there were no differences in the log of supplement consumption between diet groups (P = 119 0.681, repeated measure linear regression). Calf diet did not significantly correlate with the 120 overall structure or composition of any rumen community at weaning (Figure 1 , PERMANOVA, 121 Table S3 ). However, silage-fed calves had lower bacterial diversity with higher archaeal 122 diversity and fungal richness in rumen liquids; bacterial diversity was also significantly higher in 123 silage-fed rumen solids ( Figure 2 , Figure S2 , ANOVA, TukeyHSD, Table S3 ). Rumen archaeal 124 communities of silage-fed calves had higher inter-animal variation (PERMDISP, TukeyHSD, 125 Table S3 ) at 8 weeks. 126
Among the three calf diets, the rumen microbiotas of silage-fed calves at weaning had the 127 most OTUs in common with adult communities and starter-fed calves had the least ( Figure 3 ). In 128 particular, the rumen communities of silage-fed animals had higher abundances of a number of 129 adult-associated operational taxonomic units (OTUs) that were absent in starter-fed calves ( Table  130 S4). Silage-fed animals also, notably, had lower abundances (0 -60%) of a calf-associated 131
Methanobrevibacter (A-OTU1), which dominated starter and mixed diet animals to greater than 132 90% but was absent in all adult animals. In contrast, starter-fed and/or mixed diet calves had 133 more highly abundant OTUs at weaning that were not present in adults (Table S4) . 134 Short chain organic acid (SCOA) concentration profiles in rumen liquids (Table S5 ) 135 varied with animal age (PERMANOVA , Table S3 ) and co-varied with the overall archaeal (P = 136 4.95E-02) and bacterial microbiota (Mantel, P = 0.010) but not fungi (P = 0.129). Calves had 137 significantly higher concentrations and molar fractions of some volatile fatty acids (VFAs), 138 including butyrate, propionate, and valerate, but lower molar fractions of others, including 139 acetate and total branched VFAs (ANOVA, Table S3, Figure S3 ). Calves also tended to 140 accumulate higher concentrations of fermentation intermediates like the VFA precursors ethanol, 141 lactate, and succinate. 142
Overall, calves fed starter had the highest concentrations of total VFAs with both starter 143 and mixed diet animals reaching total levels similar to adult cows ( Figure S3 ). Concentrations 144 and molar fractions of specific SCOAs varied across calf diet groups without clear trends 145 consistent in any one diet. Specifically, silage-fed calves had the highest concentrations of 146 formate and succinate, which was unlike adults, but had the lowest concentrations of ethanol, 147 propionate, and valerate as well as the lowest molar proportions of propionate, which was similar 148 to adults. Starter-fed calves were similarly inconsistent with high lactate concentrations common 149 in calves but also high, adult-like acetate concentrations and valerate molar proportions (Figure 150 S3). Calf butyrate concentrations occurred within the same range as those for adult cows with 151 starter-fed calves having the highest concentrations among calves. However, butyrate molar 152 proportions did not differ by any diet:age groups (Table S3 ). 153
Few specific OTUs correlated to SCOA concentrations and none correlated with molar 154 fractions (Table S4 ). Strong correlations were mostly driven by age with calf associated OTUs 155 being positively correlated with calf-associated fermentation intermediates. Specifically, calf-156
dominating Methanobrevibacter (A-OTU1) was positively associated with ethanol and lactate 157 concentrations. Also, an unclassified fungal OTU found only in calves (F-OTU46) was 158 positively associated with ethanol. Removing age as a factor to investigate possible dietary 159 effects, only Methanobrevibacter (A-OTU1) remained strongly correlated with ethanol in calves 160 alone (Table S4) . 161
In contrast to the rumen microbiota, calf diet significantly correlated with overall fecal 162 archaeal and bacterial communities in calves. At 4 weeks, corn silage and mixed diet archaeal 163 communities differed in structure (PERMANOVA , Table S3 ). At weaning (8 weeks), archaeal 164 and bacterial microbiota from corn silage-fed calves differed in both structure and composition 165 from those fed starter or mixed diet (PERMANOVA , Table S3 ). Also, fecal archaeal 166 communities of silage-fed calves had higher inter-animal variation at 8 weeks (PERMDISP, 167
TukeyHSD, Table S3 ). Trends similar to those observed in rumen samples were observed for 168 archaeal and fungal OTUs in feces, with more OTUs shared between adults and silage-fed calves 169 compared to the other diets ( Figure 3 ). Specific trends were not apparent for bacterial OTUs due 170 to the high diversity and inter-animal variation among fecal samples at 8 weeks. 171 172 Calf diet influences long-term rumen microbiota. Overall, all calves achieved an adult-like 173 microbiota between weaning and 1-year of age, though additional differences were apparent 174 between 1-and 2-year cows (Figure 1, Figure 2 ). Adult cows generally displaying lower beta-175 diversity than calves (Table S6) , and calf diet significantly correlated with the structure and/or 176 composition of some adult rumen but no fecal communities (PERMANOVA , Table S3 ). Overall, 177
at 1 year, fungi differed in animals raised on corn silage and bacteria differed between all diets. 178
At 2 years, archaea and bacteria differed in animals raised on calf starter while fungi differed 179 between all diets (PERMANOVA , Table S3 ). Additionally, 2-year bacterial diversity was higher 180 in the rumens of cows raised on silage relative to a mixed diet (ANOVA, TukeyHSD), and inter-181 animal variation in rumen bacterial, archaeal, and fungal communities varied by calf diet groups 182 (PERMDISP, TukeyHSD, Table S3 ). No significant diet effects were observed in the structure, 183 composition, variation, or diversity of communities in 1-or 2-year feces. 184
In general, the rumen communities of cows raised on different calf diets contained similar 185 taxa but different abundant OTUs within these taxa. These included the bacterial taxa Prevotella, 186
Succiniclasticum, and unclassified Succinivibrionaceae as well as the fungal taxa Caeomyces, 187 Piromyces, and Oripinomyces; Methanobrevibacter archaeal OTUs also differed by diet groups. 188
In contrast, silage-fed cows had more abundant Fibrobacter while starter-fed and mixed diet 189 cows had highly abundant Cyllamcyes, both of which did not have abundant counterparts in the 190 other diet groups. 191
Overall SCOA profiles and specific SCOAs were significantly different in 2-year-old 192 cows raised on different diets (PERMANOVA , Table S3 ). Cows raised on the mixed diet had 193 significantly different profiles (PERMANOVA) as well as higher concentrations of acetate and 194 butyrate (ANOVA, Table S3 , Figure S3 ). Also, branched VFAs isobutyrate and isovalerate + 2-195 methylbutyrate, which did not differ by diet in calves, were higher in mixed diet raised cows at 2 196 years. Molar fractions of VFAs did not differ between diet groups within adult animals. 197
198
Calf diet not correlated with production measures. Animals gained weight from 2 to 8 weeks 199 (P = 6.69E-30, 1.18 kg/day) and from 8 weeks to lactation (P = 1.35E-30, 0.456 kg/day) 200 following linear trends with more accelerated growth in calves. Calf diet did not impact weight 201 gain in calves (2 to 8 weeks, P = 0.432, Figure 4a Table S3 ). However, one 206 unclassified Neocallimastigomycota (F-OTU19) displayed a strong positive correlation with 207 efficiency (Kendall , Table S4 ). SCOA profile structure and composition correlated with MPE 208 (PERMANOVA); however, no individual SCOAs significantly differed by milk production 209 metrics (ANOVA, Table S3 ). communities in calves fed silage or mixed diets became more alike and more diverse with age. 222
Animals had a succession of microorganisms representing similar taxa but different specific 223
OTUs present at different ages. All animals achieved an adult-like microbiota between weaning 224 (8 weeks) and one year of age. Therefore, age is a major driving force in the establishment of 225 microbial communities in developing dairy calves, confirming previous reports (Jami et al., 226 2013; Dill-McFarland et al., 2017) . However, in this study, diet-driven differences were also 227 apparent, indicating that pre-weaning feed has a lesser, but still detectable, effect on the 228 developing GIT microbiota. 229
While all calves progressed towards a similar adult microbiota, silage-fed animals 230 achieved a more adult-like microbiota by weaning (8 weeks) compared to the other diets. 231
Specifically, silage-fed calves at weaning had higher numbers and abundances of OTUs shared 232 with adults, as well as fewer and less abundant OTUs strictly present in calves (Figure 3) . At 233 weaning, there was a striking difference in archaeal communities with silage-fed animals 234 transitioning away from the calf-dominating Methanobrevibacter (A-OTU1) and lacking in all 235 calf-associated unclassified fungi (Table S4) . 236
Importantly, under typical modern production conditions, dairy calves receive minimal 237 maternal care and have limited interaction with adult animals (Khan et al., 2016) . Calves are 238 exposed to adult cow-associated microorganisms that are present in the environment or through 239 contact with humans that interact with adult animals (Dill-McFarland et al., 2017). Our data 240 suggest that a calf diet of corn-silage may accelerate ruminal microbiota development into a 241 more adult-like state by continually seeding the rumen with fiber, thus making complementary 242 resources and nutrients readily available whenever exposure to adult-associated microbes occurs. 243
In this way, corn-silage fed calves are likely able to maintain an adult-like ruminal microbiota 244 well before full GIT development. 245
In addition, analysis of rumen short chain organic acids (SCOAs) indicated accelerated 246 microbiota development in corn silage-fed calves at weaning. Specifically, silage was associated 247 with lower concentrations of volatile fatty acid (VFA) intermediates, such as ethanol and lactate. 248
These VFA intermediates generally do not accumulate in adult ruminants, as members of the 249 microbiota convert them to VFAs readily absorbed by the host (Flint et al., 2008) . Conversions 250 away from intermediates in silage-fed calves supports that a more complex, adult-like microbiota 251 is present. Similar trends have been seen in calves reared with the addition of calf starter grains 252 to a milk-only diet (Malmuthuge et al., 2013) , and the more pronounced results present in this 253 study may be due to the silage's greater similarity to adult feeds (Table S1) indicates that early-life feeds aimed at physiological and/or immune system develop may be 272 more impactful on later adult microbiota than those specifically targeted at microorganisms. 273
Although calf diet correlated with the rumen microbiota of adult cows, it did not 274 significantly impact weight gain, milk production, or overall efficiency. Additionally, no adult 275 microbial communities differed by calf diet. This indicates that the weaning transition, and 276 factors after weaning, significantly contribute to the establishment of an adult-like microbiota 277 and may allow under-developed animals to "catch up" such that early-life differences are no 278 longer apparent or impactful on production. Thus, we propose that efforts to directionally alter 279 the microbiota toward improved production and efficiency should be explored in calves during 280 the weaning transition, prior to the stabilization of host-specific communities observed in adult 281
cows. 282
Overall, this work concurrently evaluates the effects of pre-weaning diet on growth, milk 283 production, and associated GIT microbial communities in dairy cows over time. While it does 284 not appear that pre-weaning diet can be used to promote specific microorganisms or improve 285 efficiency in the adult cow, there were no significant detriments to feeding calves corn silage 286 over commercially prepared calf starter grains. Given that corn silage is often significantly 287 cheaper than calf starter grains and more readily accessible on dairy farms, feeding corn silage to 288 calves could result in substantial cost savings for dairy producers. Our study also supports that 289 pre-weaning calf management appears to be most effective at promoting physiological 290 development and animal growth, as has historically been the case, while the weaning transition 291 appears to be an opportune time for altering microbial communities for long-term production 292 gains. These results have implications for management and feeding practices across numerous 293 agricultural systems as more efficient, less environmentally costly food production is needed to 294 meet global demands. (Table S1 ). Supplement 310 offered to and refused by each calf was weighed daily to determine supplement intake (Table  311 S7). 312
After weaning, calves were transitioned through a series of standard heifer diets until 313 placed on the lactating herd total mixed ration (TMR) diet after calving (Table S1 ). TMR offered 314 to and refused by each cow was weighed and subsamples were taken daily during the milk 315 sampling period (150 to 158 days in milk [DIM]) to determine nutrient intake using established 316 methods (Weimer et al., 1999) . All animals had ad libitum access to water throughout the trial. 317 318 Rumen sampling and feces collection. Samples were collected between June 2012 and July 319 2015. The 9 male calves (3 per diet cohort) were sacrificed near weaning (56 -68 days) to obtain 320 rumen samples. Rumen liquids were obtained by straining total rumen contents through four 321 layers of cheesecloth. Solids remaining in the cheesecloth were squeezed to remove all free 322 liquid and transferred to a separate sterile container. Twelve heifers were ruminally cannulated 323 (9.5 -11 months, 4 per diet cohort, animal use protocol A01307), and rumen liquids and solids 324 were collected through the cannula before morning feeding on three consecutive days at 1 year 325 (365 ± 7 days) and in the middle of the first lactation cycle after two years (154 -156 DIM). All 326 samples were immediately transported on wet ice and stored at -80 °C prior to DNA extraction. 327
Fresh feces were obtained by hand from the rectum of animals using clean nitrile gloves. 328
Samples were taken at 2 weeks (14 ± 3 days, N = 40) or 3 weeks (21 ± 2 days, N = 5) in an effort 329 to avoid sampling during illness. Feces were also collected from all animals at 4 weeks (27 ± 2 330 days), 8 weeks (54 ± 2 days), 1 year (365 ± 7 days), and the middle of first lactation (155 ± 1 331 DIM). Samples were stored at -20 °C on site, transported on wet ice, and then stored at -80 °C 332 prior to DNA extraction. 333 334 Milk collection. Total milk production was measured for each cow over 9 consecutive days 335 during the middle of the first lactation cycle (151 -159 DIM) offset one day from feed sampling 336 as morning milk production is impacted by the previous day's feed. Milk samples were collected 337 from all three daily milkings on these days. Milk was stored at 4 °C and submitted to AgSource 338
Cooperative Services (Verona, WI) for near-infrared spectroscopic prediction to determine 339 composition including fat, lactose, protein, non-fat solids, milk urea nitrogen, and somatic cell 340 count (Tsenkova et al., 1999) . 341
Growth and health. Cow health was assessed by standard daily monitoring for disease 343 including fecal and attitude scores as described (Dill-McFarland et al., 2017) . Calves were 344 treated with antibiotics and electrolytes for scours (diarrhea) and with antibiotics plus fever 345 reducer for respiratory disease, as required. Cows were treated for ketosis with propylene glycol 346 to restore energy balance and for mastitis with antibiotics, as necessary. Calf fecal samples taken 347 during treatment for scours (N = 16) or respiratory disease (N = 3) are noted (Table S2) Good's coverage calculated in mothur. Bacterial (9 000 seqs), archaeal (100), and fungal (250) 407 communities were normalized to equal sequence counts near their lowest respective sample, and 408 these normalized OTU tables were used in all further analyses. 409 410 Animal statistics. All tests were assessed at a significance of P < 0.05. Differences between diet 411 groups were assessed by repeated measures linear regression over time and by calf for weight 412 gain and supplement intake with the lme4 (Bates et al., 2015) and lmerTest (Kuznetsova et al., 413 2016) packages in R v3.2.3 (R Core Team, 2017). Weight gain was normalized to day 2 weights, 414 and supplement intake was log-transformed. Milk production efficiency was calculated based on 415 energy-corrected milk (ECM) production, body weight change and maintenance, gestation, and 416 mastitis infection as described (Table S8) (Council, 2001 ; Dairy Records Management Systems, 417 2013). ECM from the three daily milkings were summed per day, and dry matter intake (DMI) 418 was calculated as feed offered minus feed refused in kg. Animal weights before and after the 419 milk sampling period were averaged across three days each. Daily ECM, DMI, and milk somatic 420 cell count (SCC) were averaged across the period for each cow. The energetic cost of mastitis 421 was determined based on SCC in milk converted to potential milk production loss (Dairy 422
Records Management Systems, 2013). Efficiency was defined as total energy output (MJ) of the 423 five energetic demands (i.e. ECM, weight maintenance, weight change, gestation, mastitis) per 424 kg of DMI. Efficiencies were compared between diet groups with ANOVA and correlated to 425
OTUs at a minimum of 0.5% relative abundance in at least one sample using Kendall's 426 correlations with microbial data averaged across consecutive sampling days to avoid animal 427 effects. All code is available at https://github.com/kdillmcfarland/GS01. 428 429 Microbiota statistics. Beta-diversity was visualized by nonmetric multidimensional scaling 430 (nMDS) plots of the Bray-Curtis metric calculated with square root transformed data in R (vegan 431 package (Oksanen et al., 2015) ). Differences in the spread of Bray-Curtis values within age and 432 diet groups were calculated by permutation tests of multivariate homogeneity of group 433 dispersions (PERMDISP, vegan) and pairwise between groups with Tukey's HSD. 434
All tests were assessed at a significance of P < 0.05, and strong correlations were defined 435 as either > 0.7 or < -0.7. Alpha-diversity was determined with Shannon's diversity and Chao's 436 richness calculated in mothur. Differences in community diversity and richness were assessed 437 overall by ANOVA and pairwise between groups within significant ANOVAs by Tukey's HSD 438 from multiple comparisons in R. All samples were modeled for calf diet, age group, and diet 439 within age groups (diet:age group) (Model 1). Two-year samples were modeled for milk and 440 overall efficiency (Model 2) with rumen OTU tables averaged across the 3 consecutive days at 1 441 or 2 years to avoid animal effects. 442
Total structure (relative abundance, Bray-Curtis) and composition (presence/absence, 443 Jaccard) of OTUs and SCOA concentrations were evaluated for changes using permutational 444 ANOVA (PERMANOVA, vegan) with the same models as ANOVA (Model 1 and 2). Also, 445 fecal OTUs at 2-and 4-weeks were modeled by scours versus healthy since some of these 446 samples were taken during illness (Model 3). Pairwise comparisons between groups within 447 significant PERMANOVAs were completed using PERMANOVAs with a Benjamini-Hochberg 448 correction for multiple comparisons. OTUs contributing to differences between groups in 449 PERMANOVA were identified by analysis of similarity percentages (SIMPER, vegan). OTUs 450 contributing at least 1% of the SIMPER variation were assessed further using Kruskal-Wallis 451 with the Benjamini-Hochberg correction for multiple comparisons. 452
Co-variation of the microbiota with SCOAs in rumen liquids was tested using Mantel 453 tests for dissimilarity matrices. Differences between SCOA concentrations and molar fractions 454 within age groups and diets were assessed overall by ANOVAs with a Benjamini-Hochberg 455 correction for multiple comparisons and pairwise between groups with TukeyHSD. OTUs with 456 at least 0.5% relative abundance in one or more samples were associated with SCOAs by 457
Kendall's correlations to 3-day averaged rumen OTU tables. All code is available at 458 https://github.com/kdillmcfarland/GS01. 459 diversity across each amplicon are indicated by different letters. Asterisks denote groups 628 containing significant diet differences (TukeyHSD, P < 0.05, Table S3 ). 629 
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